Abstract The industrial wastewater treatment plant discussed in this paper generates sludge containing heavy metals, including lead. Occasionally, the concentration of lead in the Toxic Characteristics Leaching Procedure (TCLP) extract from the sludge exceeded the U.S. Environmental Protection Agency (EPA) regulatory limit of 5 mg/l and resulted in the solid waste exhibiting the characteristics of toxicity. The technical and economic feasibility of a process for conditioning the lead-containing sludge was investigated. The results revealed that the lead-laden sludge could be made non-hazardous by chemical conditioning. The lead reduction efficiency of triple super phosphate (TSP) is higher than that of either calcium carbonate or magnesium hydroxide. The laboratory and pilot-scale tests indicated that the conditioning system consistently reduced the lead in the TCLP extract below the regulatory limit of 5 mg/l. The economic feasibility evaluation demonstrated that more than US$450,000 could be saved annually by conditioning the sludge with TSP and disposing it as a non-hazardous material in a landfill. The results obtained from the laboratory as well as from the pilot-scale operation are described and discussed in this paper.
Introduction
According to 40 CFR Part 261.24, a solid waste exhibits the characteristic of toxicity if the extract from a representative sample of the waste contains either organic or metallic contaminants equal to or greater than the regulatory level specified for the contaminant. The toxicity of a solid waste is determined by using the TCLP test described in 40 CFR Part 261.24, Appendix II. The regulated metal contaminants include arsenic, barium, cadmium, chromium, lead, mercury, selenium, and silver. Regulations prohibit industries from disposing of these wastes in non-hazardous residual waste landfills; therefore, conditioning or stabilization of wastes containing these metals is necessary to decrease the metals concentrations in the TCLP extract to the desired levels, thus rendering the waste non-hazardous and making it suitable for landfill disposal.
The waste considered in this study is sludge generated from treatment of wastewater at a semiconductor manufacturing facility. The wastewater treatment process is comprised of metals precipitation by pH adjustment, clarification, and filtration for removal of suspended matter prior to discharge (see Figure 1 ). The settled solids are thickened and dewatered prior to off-site disposal. The sludge contains lead, iron, nickel, and other heavy metals. The concentration of lead in the TCLP extract occasionally exceeded the regulatory limit of 5 mg/l and rendered the solid waste toxic. As a result, the facility developed a waste management program that included sludge characterization, development and verification of a cost-effective method to reduce the lead concentration in the extract to less than 5 mg/l, and application of the process in a full-scale system.
A detailed literature search pertaining to the application of various technologies for cleaning up contaminated wastes has been presented elsewhere (Banerjee and Blumenschein, 2000) . Thermal, biological, and physical/chemical treatment technologies are currently employed (Holden et al., 1989) . Both thermal and biological treatments are ineffective in removing heavy metals from the solid wastes. Czupyrna et al. (1989) tested standard cation exchange resins, metal-scavenging molecules, clays, molecular sieves, greensand, hydrated lime, ferrous sulfate, etc., to immobilize heavy metals in situ; however, they concluded that most of these reagents are either expensive or not significantly effective. Nriagu (1972 Nriagu ( , 1973a Nriagu ( , 1973b Nriagu ( , 1974 reported that phosphate mineral is capable of immobilizing lead in lead-contaminated soils and wastewater because of the low solubility of lead orthophosphate. Farrell-Poe and Etzel (1992) concluded that TSP is a potential reagent that could be used to remove lead from wastewater; however, very little information is available for conditioning lead-bearing sludge.
The primary objectives of this project were to investigate the characteristics of the sludge generated by the existing wastewater treatment system, to develop a cost-effective sludge-conditioning method that would allow the sludge to be disposed in a landfill as a non-hazardous waste, and to perform laboratory-scale treatability studies that would determine the optimum process conditions. Other objectives were to verify the process in a pilot-scale system as well as to evaluate the economic benefit.
Materials and methods
Four grab samples of sludge were collected from the thickener in the wastewater treatment plant at two-hour intervals each day for a period of six weeks. Once a week, an overall composite sample was prepared by mixing equal amounts of the sludge samples collected each day. These samples were analyzed to determine the sludge characteristics. In addition, the samples were used to conduct the laboratory-scale treatability study. From the time of sample collection to analysis, all samples were prepared and handled in accordance with the U.S. EPA recommended procedures. TCLP tests were performed in accordance with the methods and procedures approved by the U.S. EPA, as outlined in 40 CFR Part 261, Appendix II. The lead concentrations in the extracts were determined using the inductively coupled plasma (ICP) method (SW 846 Method 6010) .
Chemicals that were used to condition the lead-bearing sludge include calcium carbonate, magnesium hydroxide, and TSP. Except for the TSP, all the chemicals used were laboratory-grade, which is 99.9% pure. During the study, commercial-grade TSP was used. TSP is an inorganic salt that is used as fertilizer. It is produced by acidulating phosphate rock with phosphoric acid. TSP contains about 84 to 86 weight percent of monocalcium phosphate monohydrate [Ca (H 2 PO 4 ) 2 • H 2 O], 2 to 4 weight percent of free acid (as H 3 PO 4 ), and 4 to 5 weight percent of iron and aluminium oxides. The pH of a TSP solution ranges between 2.3 and 3.0 standard units (S.U. Figure 1 Existing wastewater treatment system about 70 lb. per ft 3 . The detailed chemical composition and some important physical/chemical properties of TSP are presented in Table 1 .
Laboratory-scale studies
In order to determine the toxicity characteristics of the untreated sludge, TCLP tests were performed on each of the dewatered sludge samples without the addition of any conditioning chemicals.
To determine whether the lead concentration in the TCLP extract could be reduced by chemical pretreatment, calcium carbonate, magnesium hydroxide, and TSP were added separately to the sludge at various dosages. The samples were thoroughly mixed for about one hour and dewatered to produce filter cakes. TCLP tests for lead were then performed on each of the filter cakes.
Results and discussion
The characterization results for the untreated sludge summarized in Table 2 indicate that the solids content of the sludge collected from the thickener ranged between 3 and 15 weight percent. The pH of the sludge varied between 10.0 and 10.5 S.U. As the table illustrates, a significant variation in lead concentrations, ranging between 4 and 60 mg/l, was observed in the TCLP extracts.
Effect of calcium carbonate dosage
The effect of calcium carbonate dosage on lead concentration in the TCLP extract is shown in Figure 2 . Different dosages of calcium carbonate ranging between 5 and 90 g/l were added separately to the untreated sludge samples. The data reveal that increasing the calcium carbonate dosage decreased the concentration of lead in the TCLP extract until the concentration was reduced to less than 2 mg/l. The effect of reagent dosage becomes less significant after that point. The data also reveal that in order to reduce the lead concentration below the regulatory limit of 5 mg/l, a calcium carbonate dosage of about 30 g/L is required for this type of sludge. However, the reagent dosage depends on the sludge characteristics, the concentration of lead in the sludge, the presence of other metals and their concentrations, etc. Various dosages of magnesium hydroxide slurry were tested, including 5, 10, 20, 30, 50, 65, and 90 g/l of sludge. The data demonstrate that as the magnesium hydroxide dosage increases, the lead concentration in the TCLP extract decreases. Initially, the effect of magnesium hydroxide dosage is significant, and then it gradually approaches a plateau (see Figure 2) . A magnesium hydroxide dosage of about 50 g/l reduced the concentration of lead in the TCLP extract from 50 mg/l to less than the regulatory limit of 5 mg/l.
Effect of TSP dosage
A relationship between TSP dosage and lead concentration in the TCLP extract is also presented in Figure 2 . The lead concentration decreases significantly with an increased dosage of TSP. A TSP dosage of about 12.5 g/l reduced the concentration of lead in the TCLP extract from 50 mg/l to less than 2 mg/l. The lead concentration in the extract decreases rapidly until it is reduced to 2 mg/l. The effect of reagent then decreases gradually.
Comparison of the reagents
Laboratory-scale study results indicate that the addition of any of the three chemicals (calcium carbonate, magnesium hydroxide, or TSP) reduced the total lead concentration in the extract below the regulatory limit of 5 mg/l. The extrapolated values of the chemical dosages from Figure 2 indicate that approximately 12.5 g/l of TSP are required to reduce the concentration of lead in the extract from 50 to 2 mg/l. In order to achieve the same magnitude of reduction, about 40 g/l of calcium carbonate and/or 65 g/l of magnesium hydroxide are required. Since these results demonstrate that TSP and calcium carbonate are more efficient reagents than magnesium hydroxide, further evaluation of magnesium hydroxide was not considered.
Economic evaluation of the process
Although the regulatory limit for lead is 5 mg/l, a target lead concentration of 2 mg/l in the extract was used to calculate the theoretical chemical requirements for conditioning sludge, in order to provide a margin of safety. The estimated annual chemical expenditure for the TSP process is $33,000, and that for the calcium carbonate process is $51,000 (see Table 3 ). This preliminary economic evaluation shows that the TSP process is more cost-effective than the calcium carbonate process. 
Verification of process
To verify the reliability of the TSP process, a series of laboratory-scale experiments was performed. Various dosages of TSP ranging between 2.5 and 30 g/l were added separately to the sludge collected on different days. The effect of TSP dosage on the reduction of lead is presented in Figure 3 . As the figure illustrates, the concentration of lead in the extracted samples decreases with the increasing dosage of TSP until the concentration is reduced to less than 2 mg/l. The extrapolated value indicates that in order to reduce lead from 60 to 2 mg/l or less, approximately 15 g/l of TSP are required. However, the results also reveal that the TSP requirement depends on the sludge characteristics, the concentration of lead in the sludge, and the presence of other metals.
Proposed treatment system and pilot-scale application
The pilot-scale sludge conditioning system for the reduction of lead in the TCLP extract is depicted in Figure 4 . The system was designed to process about 10,000 gallons of sludge per day. Four batches of sludge, about 2,500 gallons per batch, were processed each day. During the summer of 1990, this operation was conducted for a period of two months. As the diagram illustrates, sludge from the thickener was pumped to a 3,000-gallon reaction tank where a 20 percent (by weight) solution/slurry of TSP was added. After about an hour of thorough mixing, the sludge was dewatered. Samples of conditioned and unconditioned sludge were collected daily, and TCLP tests were performed.
As indicated above, the TSP requirement depends on the sludge characteristics, the lead concentration in the sludge, and the presence of other metals. During the pilot study, it was observed that the amount of TSP required for lead reduction is a direct function of the settled sludge volume. A higher sludge volume necessitates a higher TSP dosage. The sludge volume apparently increases with the increasing concentration of lead and other metals The TCLP results, as summarized in Table 4 , indicate that the concentration of lead in the extracts from the untreated sludge samples varied between 2.5 and 70 mg/l. When these sludge samples were conditioned with TSP, the lead concentrations in the extracts were reduced to less than the regulatory limit of 5 mg/l.
Proposed lead immobilization mechanism
Calcium orthophosphates are characterized by their existence in equilibrium with solution more acidic than their solid phase composition. Thus the acid salts of orthophosphate dissolve in water to form H 3 PO 4 and more basic salt, such as CaHPO 4 . As described in Eq. (2), a large excess of water ultimately results in the formation of hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ]. The pH condition and phosphate concentration are the two significant factors that determine the formation of hydroxyapatite. Although formation of hydroxyapatite is more prevalent at higher pH conditions, it may occur in acidic conditions because an overwhelming concentration of phosphate is present in TSP. However, hydroxyapatite is thermodynamically less stable in acidic conditions. The dissolution of hydroxyapatite will supply phosphate ions that will then immobilize lead by forming hydroxypyromorphite [Pb 10 (PO 4 Figure 4 Pilot-scale sludge treatment system 
Cost analysis and economic benefit
The annual operating cost for a full-scale system was estimated considering 300 days of operation and including the treatment chemical (TSP), utilities, labor, sludge disposal, and maintenance requirements. During the pilot-scale operation, the average TSP dosage used was about 12.5 g/l. The cost analysis summarized in Table 5 demonstrates that more than $450,000 can be saved annually by disposing the sludge as a non-hazardous material after conditioning with TSP as a reagent. However, the reagent dosage and therefore the annual chemical cost are direct functions of the lead concentration in the sludge, the sludge volume, the presence of other metals in the sludge, and the quantity of sludge to be processed.
Conclusions
The concentration of lead in the TCLP extract can be reduced to less than the regulatory limit by conditioning the sludge. The addition of magnesium hydroxide, calcium carbonate, or TSP can render the sludge non-hazardous. However, the lead reduction efficiency of TSP is higher than that of either calcium carbonate or magnesium hydroxide, and magnesium hydroxide is the least effective chemical. The TSP requirement is a direct function of the sludge characteristics, the lead concentration in the sludge, the settled sludge volume, and the presence of other cations in the sludge. The annual chemical consumption and costs to condition the sludge are lower for the TSP process than for the processes utilizing either calcium carbonate or magnesium hydroxide. Annual net savings of more than US$450,000 can be achieved by disposing the sludge as a non-hazardous material after using TSP as a conditioning reagent.
